Introduction {#s0001}
============

Cancer immunotherapy has been achieving widespread attention and evolving quickly in recent years.[@cit0001] Monoclonal antibodies (mAb) targeting immune checkpoint inhibitors such as cytotoxic T lymphocyte antigen 4 (CTLA-4) and programmed death 1 (PD-1) pathways have displayed noteworthy clinical benefits in a wide spectrum of human cancers.[@cit0001] However, such checkpoint blockade strategies have only been able to generate durable antitumor immune responses in ∼30% of cancer patients in general with currently unclear biomarkers for the prediction of clinical efficacy.[@cit0006] Although adoptive cellular transfer (ACT) of engineered autonomous T cells, such as chimeric antigen receptor (CAR) T cells, shows some promise in blood cancers, their effects on late-stage solid cancers are still questionable.[@cit0001] Immune-stimulatory antibodies (ISAB) intended to provide an agonistic effect on immune co-stimulatory receptors such as CD28, OX40, CD137, CD27, etc., to boost antitumor immunity, differ in mechanism from checkpoint blockade therapy and are becoming attractive modalities for future cancer immunotherapy.[@cit0007] However, these approaches could cause severe autoimmunity induced by systemic or organ-tropic immune activation, as seen in previous trials with agonistic anti-CD137 mAbs, etc.[@cit0007] Thus, newly designed therapeutic agents carefully balancing antitumor effects and autoimmune toxicity profiles could be of foremost interest for the next generation of ISAB cancer therapies.

CD137 (4-1BB) is an inducible co-signaling receptor of the tumor necrosis factor (TNF) receptor superfamily and is expressed on the surface of activated T cells and on a small population of NK/NKT cells or cells of myeloid origin.[@cit0010] Engagement of CD137 provides a costimulatory signal to induce T cell expansion, production of interferon-gamma (IFNγ), and prevention of activation-induced death of effector T cells.[@cit0011] The agonistic anti-CD137 antibody induces regression of established tumors in various animal models[@cit0012] and prevents tumor recurrence in a model of melanoma.[@cit0015] The signaling domain of CD137 has been fused to the cytoplasmic domain of second-generation CAR T cells, allowing for optimal survival and reducing exhaustion.[@cit0016] Unlike other co-stimulatory receptors such as CD28 and OX40, the tight regulation of CD137 expression by antigen stimulation makes it useful in the isolation of tumor-reactive T cells.[@cit0018] Surprisingly, agonistic CD137 antibodies further display anti-inflammatory properties in a broad spectrum of mouse models for autoimmune diseases such as lupus, experimental autoimmune encephalomyelitis, and arthritis, possibly through the induction of B cell or helper T cell apoptosis.[@cit0020] These profiles of action place anti-CD137 therapy into an ideal category---therapeutic agents with potent antitumor effects but potentially ameliorating autoimmune indications.

However, early clinical trials with an agonistic anti-CD137 antibody (Urelumab, BMS) revealed that it led to severe liver toxicity in humans.[@cit0022] The enhanced CD137 signaling was also found to amplify a subset of memory T cells with unknown specificity, leading to profound pro-inflammatory cytokine production, chronic inflammation, and pathogenesis of liver diseases in a liver-susceptible hepatitis B virus (HBV) transgenic mouse model.[@cit0024] As CD137-mediated liver pathogenicity and antitumor immunity are both mainly dependent on CD8^+^ T cells and IFNγ,[@cit0024] there are limited options to dissect these two effects and design an optimal strategy to avoid liver toxicity while maintaining the therapeutic effects on cancers.

S100A4 is a member of the S100 calcium-binding protein family.[@cit0026] It is expressed in various cell types, including fibroblasts, macrophages, and malignant cells.[@cit0028] S100A4 may be intracellular[@cit0031] or secreted as a normal cytokine.[@cit0032] Intracellular S100A4 is involved in a wide range of biologic functions, such as the regulation of angiogenesis, cell survival, motility, invasion, or metastasis.[@cit0033] However, S100A4 secreted by tumor and stromal cells is believed to serve as a key player in promoting metastasis of cancer cells or affecting angiogenesis.[@cit0036] Recently, we found an additional mechanism of action (MOA) whereupon S100A4^+^ cells promote DMBA/TPA-induced skin tumor development by promoting chronic inflammation.[@cit0039] In addition, we also identified a critical role of S100A4 in promoting liver fibrosis through hepatic stellate cell activation.[@cit0040] Given the critical role of S100A4 in inflammatory responses and liver pathogenesis, we are interested in understanding the role of this molecule in toxicity induced by CD137 mAb stimulation *in vivo*. Here, we show that a large number of S100A4^+^ macrophages infiltrated the liver after anti-CD137 mAb treatment and were responsible for the induction of liver pathology. We also discovered that soluble S100A4 could directly promote CD8^+^ T cell survival, and CD8^+^ T cell infiltration into the liver decreased significantly upon S100A4 molecular deficiency or selective depletion of S100A4^+^ cells. Most interestingly, we that found one S100A4-neutralizing antibody greatly alleviated the liver toxicity induced by anti-CD137 mAb but did not disrupt the role of this antibody in promoting antitumor immunity. Thus, we believe that anti-CD137 mAb treatment combined with S100A4 targeting could become a promising strategy for cancer immunotherapy.

Results {#s0002}
=======

The liver abnormalities induced by agonistic anti-CD137 mAb are independent of the antitumor responses {#s0002-0001}
------------------------------------------------------------------------------------------------------

To access the effect of anti-CD137 mAb on liver toxicity, the agonistic anti-CD137 mAb (2A) or control mAb (RatIg) were intraperitoneally (i.p.) injected into different groups of mice with or without a subcutaneous MC38 tumor cell inoculation. Treatment with anti-CD137 mAb but not the control mAb led to enhanced tumor regression ([Fig. 1A](#f0001){ref-type="fig"}) and increased CD8^+^ T cell infiltration in the tumor ([Fig. 1B](#f0001){ref-type="fig"} and Fig. S1A). As expected, we found that anti-CD137 mAb also induced a massive CD8^+^ T cell infiltration in the liver ([Fig. 1B](#f0001){ref-type="fig"} and Fig. S1B) consistent with liver injury, as indicated by serum alanine transaminase (ALT) levels ([Fig. 1C](#f0001){ref-type="fig"}). This process was associated with marked infiltration of inflammatory cells with myeloid cell origin into the liver ([Fig. 1D](#f0001){ref-type="fig"} and [E](#f0001){ref-type="fig"}). This kind of inflammatory response seemed to be localized to the liver as the hematoxylin-eosin (H&E) staining of other organs, including the brain, heart, lung, and kidney, showed only slight damage (Fig. S2). In addition, the liver toxicity induced by anti-CD137 mAb was profound and chronic, as an obvious fibrogenesis indicated by Sirius Red staining was observed on day 30 after the antibody injections ([Fig. 1F](#f0001){ref-type="fig"}). Moreover, we found that liver pathogenicity was irrelevant to the tumor as anti-CD137 mAb injection also induced similar levels of liver injury in mice without previous tumor inoculation ([Fig. 1G](#f0001){ref-type="fig"}). The results demonstrated that anti-CD137 mAb treatment exhibited a strong antitumor effect but also caused severe liver damage independent of antitumor immunity. Figure 1.Agonistic anti-CD137 mAb exhibits antitumor activity and induces severe liver injury. Three groups of C57BL/six mice (*n* = 5 per group) were subcutaneously injected with 5 × 10^5^ MC38 tumor cells at day 0, and then treated with 100 µg 2A, RatIg or PBS for four times on days 8, 11, 14 and 18. (A) The tumor volumes in the three groups were monitored over time. Representative data from three independent experiments are shown. *\*\*p* \< 0.01. (B) Tumor and liver sections were stained for CD8^+^ on day 21 after tumor inoculation. (C) Serum ALT levels in RatIg, 2A, and PBS-treated mice are shown. *\*\*p* \< 0.01. (D) The liver sections were further stained for Gr-1 and F4/80 and (E) the numbers of Gr-1^+^ cells and F4/80^+^ cells in the livers per HPF (×200) are shown. *\*\*p* \< 0.01. (F) Consecutive liver sections were stained with H&E and Sirius Red. Scale bar, 50 μm. (G) One group of C57BL/6 mice without tumors was also treated with 2A four times as a control. Serum ALT levels in 2A-treated mice with or without tumors are shown. ns, not significant.

Anti-CD137 mAb induces infiltration of a large number of S100A4^+^ macrophages into the liver {#s0002-0002}
---------------------------------------------------------------------------------------------

In our previous studies, we found that S100A4 could promote liver fibrosis by activating HSCs. To detect the expression of S100A4 after anti-CD137 mAb treatment, we performed quantitative real-time polymerase chain reaction (PCR) (qPCR) analysis for S100A4 on both liver tissue and tumors, together with analysis of another two genes, transforming growth factor-β (TGF-β) and platelet-derived growth factor receptor-β (PDGFR-β), that are closely related to liver injury and fibrosis. Among those genes, we found that S100A4 was significantly upregulated in the liver but remained unchanged in the tumor (Fig. S3A and B). As the liver toxicity of anti-CD137 mAb is irrelevant to tumors, we modified the mouse model to further study the potential role of S100A4, especially in the context of chronic liver diseases.[@cit0024] We treated 6-week-old male wild-type (WT) mice with anti-CD137 mAb or control RatIg weekly for 5 weeks. Liver tissue was harvested at various time points ([Fig. 2A](#f0002){ref-type="fig"}), and tissue sections were subjected to S100A4 staining and Sirius Red staining. As shown in [Fig. 2B](#f0002){ref-type="fig"} and [C](#f0002){ref-type="fig"}, only a few S100A4^+^ cells could be detected in the untreated liver; however, anti-CD137 mAb treatment led to a rapid increase of these cells in accordance with the dynamic increase of collagen deposition in the liver. Additionally, we also found that anti-CD137 mAb treatment did not induce significant infiltration of S100A4^+^ cells in other organs such as brain, heart, lung, and kidney (Fig. S4). These results indicated that the accumulation of S100A4^+^ cells occurred after anti-CD137 mAb treatment and correlated with the severity of liver fibrosis. To further visualize the features of liver-infiltrating S100A4^+^ cells, S100A4^+/+.GFP^ transgenic mice expressing green fluorescent protein (GFP) under the control of the S100A4 promoter in one allele[@cit0041] were treated with anti-CD137 mAb, and the number and phenotype of S100A4^+^ cells in the liver were examined. As shown in [Fig. 2D](#f0002){ref-type="fig"}, the number of S100A4^+^ cells in the liver after anti-CD137 mAb treatment was much more than that in the untreated liver, and the number increased further after five doses of anti-CD137 mAb. In addition, as shown in [Fig. 2E](#f0002){ref-type="fig"}, most of these S100A4^+^ cells expressed CD11b and F4/80, which are markers of macrophages, but did not express α-smooth muscle actin (α-SMA), the activated fibroblast marker. To further quantify the phenotypes of liver-infiltrating S100A4^+^ cells, we also performed fluorescence-activated cell sorting (FACS) staining of these cell populations. We found that, among the S100A4-GFP^+^ cells, 82.3 ± 2.78% were CD11b^+^, 77 ± 3.35% were Ly6C^+^, and 76.3 ± 2.2% were F4/80^+^ ([Fig. 2F](#f0002){ref-type="fig"} and [G](#f0002){ref-type="fig"}), confirming that most S100A4^+^ cells that infiltrated the liver were of myeloid origin. These CD11b^+^ S100A4^+^ cells could also secrete high concentrations of S100A4 *in vitro*, as detected by a standard enzyme-linked immunoabsorbent assay (ELISA) ([Fig. 2H](#f0002){ref-type="fig"}). Figure 2.Anti-CD137 mAb treatment induce the infiltration of a large number of S100A4^+^ macrophages. (A) Schematic representation of the 2A-induced chronic liver injury model. 6-week-old C57BL/6 mice were treated with 100 µg 2A or RatIg weekly for 5 weeks. Liver tissue was harvested at the indicated time points for further observation. (B) Histological characterization of liver fibrosis and S100A4^+^ cell accumulation. Consecutive sections were stained with H&E, Sirius Red, or the anti-S100A4 antibody. Scale bar, 50 μm. (C) Quantification of Sirius Red areas in the liver sections. *\*p* \< 0.05. (D) To detect the number of S100A4^+^ cells that infiltrated the liver, S100A4^+/+.GFP^ transgenic mice were treated with 2A as described above. Total numbers of GFP^+^ cells in the liver (calculated by multiplying the absolute number of liver non-parenchymal cells by the percentage of GFP^+^ cells) of the untreated (control) or 2A-treated mice at each time point were monitored. Statistical analysis was performed to compare the control group and the 2A-treated groups at different time points (*n* = 3 per group) after 2A injections. *\*p* \< 0.05. (E) Double immunohistochemical (IHC) staining of S100A4 (green) with CD11b, F4/80, or α-SMA in the liver tissue. Nuclei were counter-stained with DAPI (blue). Note that most of the S100A4^+^ cells were also positive for CD11b and F4/80 (yellow), but not α-SMA. Scale bar, 50 μm. (F-G) Flow cytometry analysis of the phenotypes of S100A4^+^ cells in the liver of S100A4^+/+.GFP^ mice treated with 2A by staining GFP^+^ cells with CD11b, Ly6C and F4/80 antibodies. (H) S100A4 concentrations in the cultured supernatant of S100A4^+^ CD11b^+^ cells or S100A4^−^ CD11b^+^ cells as detected by ELISA. *\*\*p* \< 0.01.

Selective depletion of S100A4^+^ cells attenuates anti-CD137-mAb induced liver injury and fibrosis {#s0002-0003}
--------------------------------------------------------------------------------------------------

To study the contribution of S100A4^+^ cells during anti-CD137 mAb treatment, we depleted S100A4^+^ cells by using S100A4-thymidine kinase (TK) transgenic mice treated with ganciclovir (GCV) as indicated before.[@cit0042] S100A4-TK mice were treated with anti-CD137 mAb on day 1 and then injected with GCV or phosphate buffered saline (PBS) on days 1, 3, 4, 6, and 7. The treatment was repeated for 4 weeks. Expression of the Ki67 antigen in S100A4^+^ cells indicated that these S100A4^+^ cells were proliferating, rendering them susceptible to depletion by GCV in S100A4-TK transgenic mice ([Fig. 3A](#f0003){ref-type="fig"}). As anticipated, the number of infiltrated S100A4^+^ cells in the liver decreased dramatically in S100A4-TK mice after GCV treatment of 4 weeks, whereas this did not occur in PBS-treated S100A4-TK mice ([Fig. 3B](#f0003){ref-type="fig"} and [C](#f0003){ref-type="fig"}). After S100A4^+^ cell depletion, liver injury was decreased as indicated by serum ALT levels ([Fig. 3D](#f0003){ref-type="fig"}), and the concentrations of inflammatory cytokines, such as TNF-α, monocyte chemotactic protein-1 (MCP-1), as well as S100A4 decreased significantly in the liver ([Fig. 3E](#f0003){ref-type="fig"}). Moreover, the reduction in S100A4^+^ cells in the liver correlated with an attenuated accumulation of extracellular matrix in the liver tissue ([Fig. 3F](#f0003){ref-type="fig"} and [G](#f0003){ref-type="fig"}). These results indicated that the selective depletion of S100A4^+^ cells attenuated liver pathogenesis during anti-CD137 mAb treatment. Figure 3.Selective depletion of S100A4^+^ cells attenuates anti-CD137 mAb-induced liver injury and liver fibrosis. S100A4-TK mice (*n* = 5) were treated with 100 µg 2A on day 1 and then injected with GCV or PBS on days 1, 3, 4, 6 and 7. The treatment was repeated for 4 weeks. (A) Proliferating S100A4^+^ cells in 2A-treated livers from S100A4-TK mice were stained for both S100A4 (red) and Ki67 (green). Arrows indicate double-positive cells (yellow). Scale bar, 50 μm. (B) Groups of S100A4-TK^+^ mice (*n* = 5 per group) were left untreated or treated with GCV to deplete S100A4^+^ cells, and liver sections were stained for S100A4. Scale bar, 50 μm. (C) Percentage of S100A4-positive cells. *\*p* \< 0.05. (D) Serum ALT levels of S100A4-TK^+^ mice treated with or without 2A. *\*p* \< 0.05. (E) The content of S100A4, MCP-1, and TNF-α protein in the liver homogenates of PBS or GCV-treated TK^+^ mice was measured by CBA or ELISA. *\*p* \< 0.05, *\*\*p* \< 0.01. (F) Groups of S100A4-TK^+^ mice were left untreated or treated with GCV, and liver sections were stained with Sirius Red. Scale bar, 100μm. (G) Quantification of Sirius Red areas in the liver sections. *\*p* \< 0.05.

The liver pathology induced by anti-CD137 mAb is significantly reduced in S100A4^−/−^ or S100A4-TK mice {#s0002-0004}
-------------------------------------------------------------------------------------------------------

Previously, we have shown that continuous CD137 stimulation by anti-CD137 mAb led to severe liver pathogenesis from chronic hepatitis to hepatocellular carcinoma in HBV-transgenic mice.[@cit0024] We were curious to see whether the same treatment could cause chronic liver pathology in S100A4^−/−^ mice, which were constructed by replacing parts of S100A4 exons with in-frame sequences encoding GFP.[@cit0044] To study the chronic liver pathological effects of anti-CD137 mAb treatment, we treated 15-d-old male S100A4^−/−^ mice and control C57BL/6 mice with one intraperitoneal injection of DEN, followed by weekly anti-CD137 mAb injections for a total of eight doses from day 30. Mice were killed at 8 mo of age to analyze hepatocellular carcinogenesis and histology ([Fig. 4A](#f0004){ref-type="fig"}). Liver carcinogenesis under this condition was clearly promoted by anti-CD137 mAb-induced chronic liver inflammation as we seldom observed liver carcinogenesis in either WT or S100A4^−/−^ mice approximately 8 mo after the single DEN treatment (data not shown), similar to that observed in a previous report.[@cit0045] We found that the level of liver damage was markedly reduced in S100A4^−/−^ mice at week 8 after anti-CD137 mAb treatment ([Fig. 4B](#f0004){ref-type="fig"}). Moreover, though all WT mice developed hepatocellular carcinoma (HCC) within 8 mo ([Fig. 4C--F](#f0004){ref-type="fig"}), S100A4^−/−^ mice showed profound resistance to liver cancer development. We observed a marked decrease in the total liver tumor numbers in S100A4^−/−^ mice, compared with that in the WT counterparts (19.5 ± 3.86 vs. 1.4 ± 0.37) ([Fig. 4D](#f0004){ref-type="fig"}). The maximal tumor diameters were also notably smaller in S100A4^−/−^ mice compared with that in WT controls (8 ± 0.71 mm vs. 1.1 ± 0.29 mm) ([Fig. 4E](#f0004){ref-type="fig"}). Consequently, S100A4^−/−^ mice showed reduced liver weight ([Fig. 4F](#f0004){ref-type="fig"}). Moreover, plenty of S100A4^+^ cells had infiltrated into the liver in HCC tissue and the level of collagens was also much higher in WT than S100A4^−/−^ mice ([Fig. 4G](#f0004){ref-type="fig"}). In addition, we treated S100A4-TK mice and WT control littermates with DEN/anti-CD137 mAb as mentioned above, and then injected them with GCV or PBS as a control for 2 mo, as illustrated in [Fig. 4H](#f0004){ref-type="fig"}. Similarly, GCV treatment in S100A4-TK mice also attenuated HCC development with reduced tumor number and size ([Fig. 4I--K](#f0004){ref-type="fig"}) compared with that in the other control groups. The liver weight also decreased in GCV-treated S100A4-TK mice ([Fig. 4L](#f0004){ref-type="fig"}). Therefore, these data showed that S100A4 molecular or cellular deficiency significantly decreased the long-term liver pathogenesis induced by anti-CD137 mAb treatment. Figure 4.S100A4 deficiency attenuates long-term liver pathological effects of anti-CD137 mAb. (A) Schematic illustration of the 2A/HCC model. 15-day-old S100A4^−/−^ or WT male mice were treated i.p. with a single injection of 50 µg/g DEN and, 1 mo later, treated with 100 µg 2A weekly for 2 mo. All mice were killed 8 mo after DEN treatment of further analysis. (B) Serum ALT levels of 2A-treated WT and S100A4^−/−^ mice. *\*\*p* \< 0.01. (C) Representative liver images of the two groups. Liver tumor nodules are indicated by arrows. (D)--(F) Liver tumor numbers, maximal tumor sizes, and liver weights are shown. *\*\*p* \< 0.01. (G) Liver tissue from both groups was harvested and stained with H&E, anti-S100A4 antibodies, or Sirius Red. Scale bar, 50 μm. (H) Schematic illustration of the 2A/HCC model in S100A4-TK transgenic mice and control littermates. Mice were killed 8 mo after DEN treatment. Representative photographs of the (I) livers (J) liver tumor numbers, (K) maximal tumor sizes, and (L) liver weights. *\*\*p* \< 0.01.

S100A4 deficiency leads to decreased accumulation of CD8^+^ T cells in the liver {#s0002-0005}
--------------------------------------------------------------------------------

The aberrant accumulation and activation of T cells, especially memory CD8^+^ T cells, is the major reason for the adverse liver effects induced by anti-CD137 mAb.[@cit0024] Therefore, we next analyzed the effect of S100A4 on T cell accumulation in the liver. The percentage of CD4^+^ and CD8^+^ T cells in intrahepatic lymphocytes in the livers of both S100A4^−/−^ and WT mice was detected by flow cytometry after anti-CD137 mAb treatment ([Fig. 5A](#f0005){ref-type="fig"}). Interestingly, on day 28 after antibody treatment, the CD8^+^ T cell population in S100A4^−/−^ mice was much lower than that in WT mice (29.5 ± 3.86% vs. 10.4 ± 0.37%). We also observed that the CD4^+^ T cell proportion was also decreased in S100A4^−/−^ mice, but to a much smaller extent (17.7 ± 0.97% vs. 11 ± 0.84%) ([Fig. 5B](#f0005){ref-type="fig"}). The total number of liver CD4^+^ and CD8^+^ T cells was also significantly decreased (Fig. S5). Immunohistochemical (IHC) staining of liver tissue also showed similar results ([Fig. 5C](#f0005){ref-type="fig"}). This effect was anti-CD137-dependent as the T cell populations were normal in naive S100A4^−/−^ mice without any antibody treatment, as well as in a CCl~4~-induced fibrosis model (data not shown). Moreover, we found that the accumulation of CD8^+^ T cells decreased significantly, from 33.85 ± 2.03% to 19.8 ± 0.41%, after S100A4^+^ cell depletion in S100A4-TK mice, whereas CD4^+^ T cells were seldom influenced (Fig. S6A and B). Thus, our results indicate that S100A4 might play a pathogenic role in modulating hepatic T cells. Given the dominant expression of S100A4 in hepatic macrophages and the potential of this molecule to be secreted, we tested whether soluble S100A4 could directly affect T cell biology *in vitro*. CFSE-labeled splenic T or liver cells were stimulated with anti-CD3 antibody with or without soluble S100A4, and both CD4^+^ and CD8^+^ T cell proliferation were analyzed by FACS. We found that S100A4 had no effect on the proliferation of CD4^+^ or CD8^+^ T cells ([Fig. 5D](#f0005){ref-type="fig"}). However, CD8^+^ but not CD4^+^ T cell apoptosis was greatly inhibited in the presence of S100A4 ([Fig. 5E and F](#f0005){ref-type="fig"}), as indicated by 7AAD and Annexin V double staining. Together with the CD8^+^ T cell data from S100A4^−/−^ and S100A4-TK mice after anti-CD137 mAb treatment, we proposed that S100A4 could promote the accumulation of CD8^+^ T cells by affecting their survival in the liver. Figure 5.S100A4 potentiates CD8^+^ T cell survival. (A) Representative FACS data and (B) quantification of CD4^+^ T cells and CD8^+^ T cells in the liver of WT or S100A4^−/−^ mice (treated with 2A weekly for 4 weeks) were detected by FACS, *\*\*p* \< 0.01. (C) IHC staining for CD4^+^ and CD8^+^ in the liver tissue of WT and S100A4^−/−^ mice. Scale bar, 50 μm. (D) CFSE-labeled CD4^+^ T and CD8^+^ T cells from the spleen were left unstimulated (left) or stimulated with anti-CD3 antibody (right) with or without soluble S100A4. T cell proliferation was analyzed by CFSE dilution. (E) and (F) CD4^+^ T and CD8^+^ T cells from spleen cells were stained with 7-AAD and Annexin V, and cells apoptosis was detected by FACS, *\*\*p* \< 0.01.

S100A4 inhibits CD8^+^ T cell apoptosis through the Akt pathway {#s0002-0006}
---------------------------------------------------------------

We further tested the signaling pathways in which S100A4 might be involved during T cell apoptosis using a CD8^+^ murine lymphoid CTLL-2 T cell line. We confirmed that in the presence of S100A4, the spontaneous apoptosis of CTLL-2 T cells caused by IL-2 deprivation was greatly inhibited ([Fig. 6A](#f0006){ref-type="fig"}), from 19.47 ± 1.01% to 9.67 ± 0.89%, compared with that in the untreated control condition. Importantly, this inhibitory effect on T cell apoptosis could be reversed by the inclusion of an S100A4 blocking antibody. In accordance with the apoptosis results, cleaved caspase-3 and caspase-9 expression was decreased in CTLL-2 cells after S100A4 treatment ([Fig. 6B](#f0006){ref-type="fig"}), and this effect was reversed by the anti-S100A4 antibody. We then investigated the signaling pathways by which S100A4 affected CD8^+^ T cell apoptosis. CD8^+^ CTLL-2 cells were stimulated with 1,000 ng/mL S100A4 and collected at different time points for Western Blotting to detect the major survival-related signaling pathways. As shown in [Fig. 6C](#f0006){ref-type="fig"}, p-Erk and p-Akt expression were upregulated significantly as early as 5 min after stimulation, demonstrating that S100A4 could directly activate Erk and Akt signaling pathways in CD8^+^ T cells. We then included Erk and Akt inhibitors to test which signaling pathways were involved in the S100A4-mediated effects. As shown in [Fig. 6D](#f0006){ref-type="fig"} and Ethough the application of an Erk inhibitor seemed to have little effect, the inhibitory role on T cell apoptosis by S100A4 could be reversed by the inclusion of Akt inhibitors. Our results, therefore, indicated that S100A4 inhibits the apoptosis of CD8^+^ T cells through the Akt pathway. Figure 6.S100A4 inhibits CD8^+^ T cell apoptosis though the Akt signaling pathway. (A) CTLL-2 cells, a CD8^+^ murine lymphoid cell line, were cultured with or without S100A4 (1 µg/mL), or S100A4 combined with anti-S100A4 blocking mAb (6 µg/mL) for 3 d and then subjected to FACS analysis of cell apoptosis. *\*\*p* \< 0.01. (B) Western blots showing the expression of cleaved caspase-3 and caspase-9. (C) CTLL-2 cells were stimulated with S100A4 for varying lengths of time, and the indicated signaling pathways were analyzed by Western blot. (D) An Erk inhibitor or Akt inhibitor was applied to the CTLL-2 culture system supplied with S100A4, and the percentage of apoptotic cells was analyzed via FACS 3 d later. Statistical data are shown (E). *\*\*p* \< 0.01.

Targeting both CD137 and S100A4 in mice elicits strong antitumor responses without severe liver pathology {#s0002-0007}
---------------------------------------------------------------------------------------------------------

The data above showed that the liver pathology induced by anti-CD137 mAb is closely associated with the S100A4^+^ macrophage population inside the liver, which modulates hepatic CD8^+^ T cell activity. As anti-CD137 mAb has potent antitumor effects but, at the same time, elicits liver toxicity mainly through S100A4, it would be interesting to target both pathways for optimal cancer immunotherapy. We injected WT mice with MC38 tumor cells and then treated them with RatIg, anti-CD137 mAb or anti-CD137 mAb/anti-S100A4 mAb (i.p.) combinational therapy. As shown in [Fig. 7A](#f0007){ref-type="fig"}, the anti-CD137/anti-S100A4 combination elicited strong antitumor responses comparable to that of anti-CD137 mAb treatment alone, whereas liver injury was markedly reduced after S100A4 blockage ([Fig. 7B](#f0007){ref-type="fig"}). Collagen deposition was significantly reduced at day 7 and day 14 in the liver of the anti-CD137/anti-S100A4 combinational treatment group compared with that in the anti-CD137 mAb group ([Fig. 7C](#f0007){ref-type="fig"}). Liver fibrosis was validated by Masson\'s trichrome staining (data not shown). Both the proportion ([Fig. 7D](#f0007){ref-type="fig"}) and the total number (Fig. S7) of CD8^+^ T cells in the liver were decreased significantly after S100A4 mAb treatment, whereas no effect was observed on the proportion of CD4^+^ T cells in the liver ([Fig. 7D](#f0007){ref-type="fig"}). However, the infiltration of CD8^+^ T cells into the tumors elicited by anti-CD137 mAb was not affected by the addition of anti-S100A4 mAb, as detected by both FACS ([Fig. 7E](#f0007){ref-type="fig"}) and IHC staining ([Fig. 7F](#f0007){ref-type="fig"}). The results above demonstrated that targeting both the CD137 and S100A4 pathways could alleviate liver pathology in tumor-bearing mice but maintain an effective antitumor immunity. Figure 7.Targeting both the CD137 and S100A4 pathways in mice diminishes liver toxicity but retains antitumor immunity. Three groups of C57BL/six mice (*n* = 5 per group) were treated with RatIg, 2A, or 2A plus anti-S100A4 mAb 4 times on days 8, 11, 14, and 18. (A) The kinetics of tumor growth in these three groups are shown. *\*\*p* \< 0.01. (B) Serum ALT levels in these three groups are shown. Day 0 represents the first day of 2A injection. *\*p* \< 0.05. (C) Liver tissue collected 7 or 14 d after the first injection of 2A were stained with H&E and Sirius red. Representative FACS data showing the proportions of CD4^+^ T cells and CD8^+^ T cells and statistical analysis of CD8^+^ T cells in the (D) tumor and (E) liver. *\*p* \< 0.05. (F) Representative IHC staining for CD8^+^ in tumor sections from different groups.

Discussion {#s0003}
==========

Cancer immunotherapy is becoming an exciting therapeutic option in the treatment of advanced cancers, but the accompanying immune-mediated side effects are still a major hurdle, especially for therapeutic modalities involving agonist antibodies targeting co-stimulatory pathways.[@cit0007] Given the catastrophic effect of TGN1412 (the super CD28 antagonist antibody)[@cit0046] and the severe liver toxicity of Urelumab (CD137 agonist antibody developed by BMS) in initial human trials,[@cit0023] it is imperative that we dissect the MOA of both the toxicity and efficacy to optimize the designs of cancer immunotherapies. In this study, we focused on the toxicity profile of one CD137 agonistic mAb, 2A, and identified a potential target responsible for the adverse effects without disrupting antitumor immunity.

CD137 has been considered one of the most promising targets in the field of cancer immunotherapy since the late 1990s due to its potent function on CD8^+^ T cell expansion, survival and effector functions, and overexpression in tumor-associated T cells.[@cit0007] However, this effect of CD137 stimulation is not limited to antitumor responses. Upon treatment, agonist CD137 mAb causes significant accumulation of T cells in multiple sites, including the spleen, lymph-nodes, lung, liver, etc., in normal mice. We confirmed here that significant inflammation could be induced by anti-CD137 mAb injections in several organs of tumor-bearing mice, especially in the liver (Fig. S1). Interestingly, CD137 was previously found to deliver an antigen-independent growth signal for a subpopulation of memory T cells with unknown specificity.[@cit0047] In the liver-susceptible HBV transgenic mouse model, we observed an expansion of antigen-independent memory CD8^+^ T cells that are not HBV-specific but cause liver damage and consequent chronic liver diseases in an IFNγ dependent manner.[@cit0024]

The liver has traditionally been considered the "grave yard" of activated/memory T cells and to favor hepatic T cell apoptosis.[@cit0048] However, whether and how these T cells cause autoimmunity in the liver are still unclear. As most of the intrahepatic CD8^+^ and CD4^+^ T cells have an activated phenotype, it is highly likely that they are more reactive to anti-CD137 stimulation. We also found that intrahepatic T cells express higher levels of CD137 (unpublished) and could thus be hyper-reactive to agonistic CD137 mAb treatment. In addition, CD137 signaling is a strong inducer of liver-toxic cytokines, mainly IFNγ and TNF-α, which play critical roles in several liver injury models including ConA, poly I:C, etc. Although the neutralization of IFNγ clearly diminishes the severity of chronic liver diseases induced by anti-CD137 mAb injections, it is not a good target for the reduction of liver toxicity in the case of cancer immunotherapy as it also plays pivotal roles in antitumor immunity, including anti-CD137 mAb therapy.[@cit0024] Thus, whether or not the toxicity/deleterious effects associated with anti-CD137 immunotherapy can be dissociated from its beneficial antitumor activity is becoming an important issue. If this can be achieved, it could lead to the development of new methods of combinatory immunotherapy.

We observed significant S100A4^+^ macrophage infiltration of the liver after anti-CD137 mAb treatment. These macrophages secreted high concentrations of S100A4 and inhibited the apoptosis of activated CD8^+^ T cells, a process induced by anti-CD137 mAb through the Akt pathway. Interestingly, both S100A4 and CD137 are highly effective on CD8^+^ T cells but not CD4^+^ T cells, although the underlying mechanisms remain unclear. In addition, CD8^+^ T cell infiltration and spontaneous liver tumor incidence were both decreased in S100A4^−/−^ mice and in S100A4-TK mice selectively depleted of S100A4^+^ cells. These results indicated that S100A4 maintained the contraction of CD8^+^ T cells in the liver during the process of anti-CD137 mAb treatment. However, whether this process is parallel to or downstream of IFNγ signaling remains to be discovered. In addition, we found that CD137 engagement combined with an S100A4 blocking antibody could specifically alleviate liver toxicity but maintain antitumor immunity. Thus, our data here further supports the understanding that liver toxicity caused by anti-CD137 mAb treatment is independent of antitumor immunity. Although both toxicity and antitumor immunity may be dependent on the CD8^+^ T cell population, these two effects could still be separated by the distinct roles that S100A4 plays in the liver and tumor tissues, on the grounds that S100A4 could promote the survival of a subpopulation of myeloid-derived suppressor cells in the tumor and accelerate tumor growth (unpublished). Accordingly, Schwensen *et al.* recently reported that one S100A4-neutralizing antibody could suppress tumor progression in a model of breast cancer.[@cit0049] The anti-S100A4 concept may not be limited to anti-CD137 mAb therapy but may also be applied to a wider range of cancer immunotherapies.

S100A4 was initially identified as fibroblast-specific protein (FSP-1).[@cit0029] However, recent studies have found that it identifies a unique macrophage population, especially within the liver, and is responsible for liver fibrogenesis through the direct activation of hepatic stellate cells.[@cit0040] Our findings also emphasize a key role of S100A4 in T cell survival and functionality in chronic liver diseases induced by anti-CD137 mAb stimulation. However, several questions remain, including how S100A4 is induced in the liver, what its link with IFNγ is, and how it selectively affects hepatic CD8^+^ T cell biology but not the antitumor immunity induced by anti-CD137 mAb treatment. Interestingly, we found that anti-S100A4 therapy did not affect the percentage of IFNγ^+^ CD8^+^ T cells (Fig. S8A and B), but affected the total number of IFNγ^+^ CD8^+^ T cells in the liver (Fig. S8C). As depletion of CD8^+^ T cells or neutralization of IFNγ totally abolished anti-CD137-induced liver damage, as indicated by our previous studies setting up this model,[@cit0024] it is possible that IFNγ^+^ CD8^+^ T cells play a major role for the anti-S100A4 effect on liver damage. However, because the total number of IFNγ-negative CD8^+^ T cells was also decreased after anti-S100A4 treatment, IFNγ-negative CD8^+^ T cells might still contribute to the anti-S100A4 effect, and this still needs to be investigated. According to these results, we proposed a possible role of S100A4 in the control of CD8^+^ T cell contraction but not the cytokine profile of the T cell that plays a pivotal role in anti-CD137-induced liver toxicity ([Fig. 8](#f0008){ref-type="fig"}). Further characterization of its mechanism of action and receptor(s) responsible for its biologic function in the liver will improve our understanding of liver autoimmune toxicity and allow us to design better cancer immunotherapies. Figure 8.The role of S100A4 in anti-CD137-induced liver toxicity. CD8^+^ T cells, mainly the memory T cells, are activated by the anti-CD137 antibody in the liver and secrete large amounts of IFNγ, leading to the activation of macrophages and liver toxicity. During this process, large amounts of S100A4 are produced specifically inside of the liver and enhance CD8^+^ T cell survival, further amplifying the liver damage. Targeting S100A4 with an S100A4 blocking antibody affects CD8^+^ T cell survival and causes minimal liver toxicity. Similar effects could also be obtained by S100A4 deficiency or depletion of S100A4-positive macrophages.

Materials and methods {#s0004}
=====================

Cell lines, mice, and antibodies {#s0004-0001}
--------------------------------

The CD8^+^ murine lymphoid CTLL-2 T cell line (provided by Yijun Wu from the Chinese Academy of Sciences) was cultured in RPMI-1640 (Gibco) supplemented with 10% (vol/vol) fetal bovine serum (FBS), 100 U/mL penicillin/streptomycin, and 100 U/mL murine IL-2. The MC38 murine colon adenocarcinoma cell line (provided by Yangxin Fu from Chinese Academy of Sciences) was cultured in Dulbecco\'s Modified Eagle Medium (Gibco) supplemented with 10% (vol/vol) FBS and 100 U/mL penicillin/streptomycin.

C57BL/6 and BALB/c mice were purchased from Vital River (Beijing, China). S100A4^+/+.GFP^ and S100A4^−/−^ mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). S100A4-TK transgenic mice were obtained from Dr. Eric G. Neilson (Northwestern University, Feinberg School of Medicine). All mice were bred under specific pathogen-free conditions in the animal facilities at the Institute of Biophysics, Chinese Academy of Sciences. All animal studies were performed with sex- and age-matched mice after being approved by the Institutional Laboratory Animal Care and Use Committee.

Anti-mouse CD137 agonistic mAb (clone 2A, Rat IgG2a) was described previously,[@cit0013] Rat IgG (Sigma-Aldrich, St. Louis, MO) was used as the control.

Monoclonal anti-mouse S100A4 mAb was generated by immunizing BALB/c mice with S100A4 proteins. Using immune spleen cells and the mouse myeloma Sp2/0 cell line as fusion partner,[@cit0050] hybridomas were generated and selected using standard published techniques.

*In vivo* tumor growth and anti-CD137 mAb treatment {#s0004-0002}
---------------------------------------------------

For the *in vivo* antitumoral experiments, 6 to 8-week-old C57BL/6 mice received a single subcutaneous injection of MC38 cells on day 0 (5 × 10^5^ cells) and were treated with 2A, control RatIg or PBS at 100 μg per intraperitoneal dose on days 8, 11, 14 and 18. Tumor growth was monitored by using an electronic caliper every 2--3 d and was determined by multiplying perpendicular diameters. For neutralizing S100A4 *in vivo*, mice were treated i.p. with anti-S100A4 mAb (4 mg/kg) the day before each 2A treatment.

Anti-CD137 mAb induced liver fibrosis {#s0004-0003}
-------------------------------------

Mice were treated with 100 μg 2A weekly for 5 weeks as described.[@cit0024]

Diethylnitrosamine (DEN)/ anti-CD137 mAb-induced hepatocellular carcinoma {#s0004-0004}
-------------------------------------------------------------------------

Mice were first treated i.p. with 50 µg/g DEN (Sigma-Aldrich) in 0.1 mL of PBS at the age of 15 d. Mice at the age of 45 d were then treated i.p. with 100 μg 2A or RatIg weekly for 8 weeks. Tumor development was monitored at 8 mo.

Depletion of S100A4-expressing cells {#s0004-0005}
------------------------------------

In every week, S100A4-TK mice and control littermates were given 50 mg/kg GCV (HuBeiKeYi Pharmaceutic Corporation, China) dissolved in PBS i.p. on day 1, 3, 4, 6 and 7, while 2A was given i.p. on day 1, the treatment was repeated for 4 weeks.

Histology and immunostaining {#s0004-0006}
----------------------------

Preparation of cryostat or paraffin tissue sections was done as described previously.[@cit0039] After routine processing, liver sections 7 μm thick were stained with H&E for histological analysis or saturated picric acid containing 0.1% Sirius Red and 0.1% Fast Green for collagen deposition. Paraffin sections were incubated with anti-S100A4 (Abcam, Cambridge, UK), and frozen liver sections were incubated with anti-CD8^+^, anti-CD4^+^, anti-F4/80, anti-Gr-1 antibodies (BD PharMingen, San Diego, CA), respectively, and then were incubated with species matched Alexa dye-labeled or horseradish peroxidase (HRP) conjugated secondary antibodies. Frozen liver sections were incubated with anti-S100A4 (Abcam, Cambridge, UK), anti-CD11b (BD PharMingen, San Diego, CA), anti-F4/80 (BD PharMingen, San Diego, CA), anti-α-SMA (Abcam, Cambridge, UK) antibodies, followed by the staining with Alexa Fluor 488 or 555-conjugated secondary antibodies (Invitrogen, Grand Island, NY). Sections were evaluated under the microscope (DP71, OLYMPUS) for bright-field and fluorescence microscopy.

Cytokine and serum biochemical analysis {#s0004-0007}
---------------------------------------

Serum ALT levels were measured using commercial kits (Biosino, Beijing, China).

For detection of cytokines, livers were homogenized in ice-cold TE buffer. Homogenates were centrifuged at 12,000×g for 15 min. The supernatant was collected and the levels of IL-6, MCP-1, IFNγ, TNF-α, IL-10, and IL-12p70 were assayed by a Mouse Inflammation Cytometric Bead Array (CBA) Kit (BD PharMingen). The data were analyzed using the FCAP array software (BD PharMingen). The relative amount of a target cytokine in one sample = the concentration analyzed by CBA/the weight of the sample. IL-4 and IL-17 were detected by ELISA with paired antibodies (R&D Systems). S100A4 in cell culture supernatant and in the whole liver lysate was detected by a sandwich ELISA as described.[@cit0040]

Isolation of liver non-parenchymal cells {#s0004-0008}
----------------------------------------

Briefly, cells were isolated from the livers using a two-stage collagenase perfusion technique as described previously.[@cit0051] Filtered cells were centrifuged at 50×g for 2 min to remove hepatocytes. The remaining non-parenchymal cells (NPC) fraction was collected, washed, and isolated by a 40% and 70% nonlinear Percoll (GE healthcare biosciences, Pittsburgh, PA) gradient system.

Flow cytometry analysis {#s0004-0009}
-----------------------

Single-cell suspensions were prepared directly from bone marrow, and peripheral blood and liver NPCs were stained with the following directly labeled mouse-specific mAbs: Percp/Cy5.5-labeled anti-CD11b (clone M1/70), APC-labeled anti-Ly6C (clone HK1.4), PE-labeled anti-F4/80 (clone BM8), Percp-labeled anti-CD4^+^ (clone GK1.5), and APC-labeled anti-CD8^+^ (clone 53--6.7). All antibodies were purchased from Biolegend and used at a 0.2 µg/mL concentration. Cells were collected on a FACS Calibur (BD Biosciences, San Diego, CA) and analyzed by FlowJo software (TreeStar, Ashland, OR).

Apoptosis staining {#s0004-0010}
------------------

CTLL-2 cells were deprived of IL-2 and then treated with S100A4 alone or together with an anti-S100A4 antibody, Erk-inhibitor, or Akt-inhibitor. Three days later, cells from each group were collected and stained with PI and Annexin V-fluorescein isothiocyanate (FITC). Cells were tested on an FACS Calibur (BD Biosciences, San Diego, CA) and analyzed by FlowJo software (TreeStar, Ashland, OR).

Western blot analysis {#s0004-0011}
---------------------

Cell extracts were analyzed by Western blotting as described.[@cit0052] Briefly, CTLL-2 cells were deprived of IL-2 and cultured in serum-free medium for 6 h. Then, S100A4 was added for 5 min, 15 min, 30 min, 45 min, or 60 min, and cells were harvested, washed in PBS, and lysed. For caspase-9 and caspase-3 detection, CTLL-2 cells were deprived of IL-2 and cultured in medium with or without S100A4 and S100A4 mAb for 48 h or 72 h. Then, the cells were harvested, washed in PBS, and lysed. The primary antibodies used were anti-caspase-9, anti-caspase-3, anti-Erk, anti-p-Erk, anti-Akt, anti-p-Akt, anti-STAT3, anti-p-STAT3, as well as anti-P65 and anti-p-P65 (all from Cell Signaling, Danvers, MA). HRP-conjugated goat anti-mouse or goat anti-rabbit IgG was used as secondary antibody.

Statistical analysis {#s0004-0012}
--------------------

All data are expressed as mean ± SEM. Differences between two groups were compared using a two-tailed unpaired Student\'s *t*-test (GraphPad Prism). The pearson test was used for analysis of correlation between two groups. *p*-values less than 0.05 were considered statistically significant.
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Abbreviations
=============

CAR

:   chimeric antigen receptor

CCl~4~

:   carbon tetrachloride

CTLA-4

:   cytotoxic T lymphocyte antigen 4

DEN

:   diethylnitrosamine

EAE

:   experimental autoimmune encephalomyelitis

GCV

:   ganciclovir

GFP

:   green fluorescent protein

IFN

:   interferon

mAb

:   monoclonal antibody

MCP

:   monocyte chemotactic protein

NPCs

:   non-parenchymal cells

PD-1

:   programmed death 1

PDGFR

:   platelet-derived growth factor receptor

TGF

:   transforming growth factor

TK

:   thymidine kinase

TNF

:   tumor necrosis factor
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